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Complementary sequences at the 50 and 30 ends of the
dengue virus RNA genome are essential for viral replica-
tion, and are believed to cyclise the genome through
long-range base pairing in cis. Although consistent with
evidence in the literature, this view neglects possible
biologically active multimeric forms that are equally
consistent with the data. Here, we propose alternative
multimeric structures, and suggest that multigenome
noncovalent concatemers are more likely to exist under
cellular conditions than single cyclised monomers. Con-
catemers provide a plausible mechanism for the dengue
virus to overcome the single-stranded (+)-sense RNA
virus dilemma, and can potentially assist genome trans-
port from the virus-induced vesicles into the cytosol.
Dengue virus genome cyclisation hypothesis
Cyclisation of a single-stranded (+)-sense RNA viral ge-
nome to enable (–)-sense RNA strand synthesis has become
widely accepted dogma in flavivirus virology, and is con-
sidered central to understanding the mechanism of repli-
cation in these viruses. When the 50 and 30 complementary
RNA sequences hybridise in this cyclic model, the RNA
stem loop A (SLA) in the 50 terminal region recruits the
virally encoded RNA-dependent RNA polymerase (RdRP),
and loads it onto the now proximal 30 terminus [1,2], thus
allowing de novo [3] synthesis of the ()-strand. This
cyclisation model was first proposed following the observa-
tion of complementary sequences (CSs) at the 50 and 30 ends
of the alphavirus genome [4]. Recent work in flavivirus
systems supports this concept, suggesting that the require-
ment for the 50 and 30 termini to be brought into close
proximity to allow viral replication is common among
single-stranded (+)-sense RNA viruses [5–10].
Additional CSs at the 50 and 30 ends of the dengue virus
genome that are thought to contribute to cyclisation include
the upstream of the AUG region (UAR), downstream of the
AUG region (DAR), and downstream of the CS (dCS)
[2,5,6,11–13]. Interestingly, two structurally conserved
RNA hairpin structures present in the linear form of the
genome are prohibited in the cyclised form because of re-
quired alternate base pairing. A small RNA hairpin (sHP)
has been identified in the 30 untranslated region (UTR) of the
linear form of the genome that harbours part of the 30DAR in
the upstream portion of the stem and part of the 30 UAR in
the downstream portion of the stem [14]. The precise role of
the sHP structure is unknown, but it is essential for viral
viability. Similarly, the RNA stem loop B (SLB) in the 50
UTR of the linear form harbours the 50UAR sequence that is
putatively required for base pairing with the 30 UAR se-
quence in the cyclised form. Mutations that disrupt the SLB
structure but maintain UAR complementarity are tolerated
for viral translation and RNA replication [5], and a func-
tional role for the SLB structure has not been elucidated.
Like the sHP, the SLB is excluded from the cyclised form of
the genome, suggesting a novel dual use of the sequence and
a necessary balance between linear and cyclised forms in
vivo. The RNA elements important for the cyclisation hy-
pothesis are summarised in Figure 1A.
Dengue virus genome multimerisation hypothesis
Although all evidence strongly suggests that base pairing
between 50 and 30 complementary sequences in the dengue
virus genome is required for efficient viral replication, such
base pairing does not necessarily demand genome cyclisa-
tion. Observing complementary sequences at the 50 and 30
ends of the dengue virus genome is highly probable if the
cyclisation hypothesis is correct. However, that does not
imply that the cyclisation hypothesis is necessarily correct if
such complementary sequences are observed. In Beyesian
analysis, this is the logical fallacy of the transposed condi-
tional [15], which can arise when evaluating competing
hypotheses that are not exhaustive. In addition to cyclisa-
tion (Figure 1A), the functional requirement for base pairing
between complementary 50 and 30 sequences can equally be
satisfied by the formation of multimeric structures in trans.
These sequences might be utilised to assemble an antipar-
allel homoduplex (dimer, Figure 1B), for example, or to
assemble head-to-tail noncovalent concatemers from multi-
ple genome copies (Figure 1C). The RNA structures pre-
dicted at each terminus of a dimer, or at each head-to-tail
junction of a concatemer, are identical to the panhandle
structures postulated for the cyclised genome and would be
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expected to function identically during replication. More-
over, the concatemer form would uniquely allow the SLB
and sHP to coexist with the predicted panhandle structures,
consistent with recent literature [14].
Ironically, the experiments designed to demonstrate the
putative long range cis interactions most convincingly
demonstrated that the complementary sequences were
capable of interacting in trans; cyclisation was only in-
ferred. In these canonical experiments, an RNA fragment
representing the 50 terminal region of the dengue virus
genome was incubated with a radiolabelled RNA fragment
representing the 30 terminal region. The in vitro hybridisa-
tion efficiency between these two trans-acting molecules
was assayed by gel migration, with [16] or without [6]
psoralen crosslinking. Although single molecule cyclisa-
tion was directly visualised by atomic force microscopy
(AFM) [6], the in vitro conditions that were used poorly
mimicked the cellular environment and strongly biased the
result toward the desired observation; specifically, dilution
of the genome ensured that a cis interaction leading to
cyclisation was the most probable outcome (Box 1).
Of course, in vitro hybridization assays like these cannot
demonstrate functional relevance. An in vitro replication
assay showed that although the 30 terminal region alone
was not a viable template for viral RdRP-dependent repli-
cation, efficient initiation was observed when the 50 termi-
nal region was added either in cis or in trans [17]. Deletion
[7] and compensatory mutation [8,10] experiments in fla-
vivirus replicon systems further demonstrated this base
pairing requirement for viral replication. None of the
replication assays excluded the possibility that the com-
plementary sequences incorporated in cis were actually
functioning in trans. Collectively, these data demonstrate
only that base pairing between the 50 and 30 complementa-
ry sequences is essential for viral RdRP-dependent repli-
cation. They do not require that the complementary
sequences must belong to the same RNA strand.
Confinement and macromolecular crowding favours
multimerisation
Given that cyclisation, dimerisation, and concatemerisa-
tion are all consistent with the entire corpus of functional
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Figure 1. Dengue virus (+)-sense RNA genome can potentially exist in four biologically active forms. (A) Canonically, complementary sequences at the 50 and 30 ends of the
linear form of the dengue virus genome intramolecularly base pair to form the ‘panhandle’ RNA structures required for viral replication. In this cyclised structure, the stem
loop A (SLA) at the 50 end of the genome recruits the virally encoded RNA-dependent RNA polymerase (RdRP) and initiates de novo (–)-strand synthesis at the now proximal
30 terminus. The locations of the complementary upstream of the AUG region (UAR), downstream of the AUG region (DAR) and complementary sequences (CSs) that
mediate cyclisation are shown in red, green, and purple, respectively. The dashed lines representing the intervening 10 kb of the genome interior are not drawn to scale.
(B) An antiparallel homoduplex dimer can form from two dengue virus genome molecules by intermolecular base pairing using the same complementary regions. The top
and bottom strands are identical (+)-sense RNA, but are shown in black and blue, respectively, to distinguish more easily the individual genome strands in the complex. (C)
A head-to-tail concatemer is also possible through intermolecular base pairing. As with the dimer, the (+)-sense dengue virus genome strands that form the concatomer are
identical. They are depicted as alternating black and blue for clarity. Both the dimer and the concatomer provide the same RNA panhandle structures as the cyclised form
and would be expected to function identically with respect to viral replication. Replication can potentially initiate from either end of the dimer, or from any interior junction
in the concatemer. Additionally, the conserved stem loop B (SLB) and small RNA hairpin (sHP) secondary structures in the linear form, which are incompatible with either
the cyclised form or the dimer, are uniquely allowed to coexist with the panhandle structures in the concatemer complex.
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data, might one form be more likely to exist in the cell a
priori? The dengue virus replicates in the cytoplasm of the
cell, which is characterised by a high salt concentration
(150 mM monovalent ions [18]) and macromolecularly
crowded conditions (up to 400 mg/ml total macromolecules
[19]). High-salt and crowded conditions theoretically fa-
vour attraction among macromolecules with like-charged
surfaces, leading to aggregation and compaction [18,20,21].
Furthermore, the dengue virus remodels the endoplasmic
reticulum membrane during infection to create virus-in-
duced vesicles in which replication is compartmentalized
[22]. Spatial restriction increases the efficiency of such ion-
mediated processes as RNA folding and RNA collapse
[23,24]. Thus, the dengue virus produces a locally high
concentration of (+)-sense genomic RNA during replica-
tion, and multimeric complexes seem more likely than
isolated cyclised molecules in this molecularly crowded
microenvironment. Multimerisation within the virus-in-
duced vesicles can potentially contribute to viral replica-
tion or other processes, including genome export to the
cytosol and packaging.
Potential biological significance
The biological significance of dengue virus genome cyclisa-
tion has been limited to discussions of its role in forming
the RNA structures required for viral RdRP-dependent
viral replication. However, these arguments apply equally
well to dimers and concatemers. In fact, all three config-
urations might exist in vivo where they function equiva-
lently. Alternatively, their individual roles might be
associated with specific stages of cellular infection. The
cyclised form might have an advantage over multimerised
forms in the early stages of infection, immediately follow-
ing entry of the virion into a naı¨ve cell if only one genome is
presumed to be present. Following adequate viral protein
expression and post-translational processing, a single
cyclised genome might be sufficient on its own to allow
de novo initiation of (–)-strand synthesis. However, unlike
the multiplicity of infection (MOI) in cell culture, which is a
bulk property described by a Poisson distribution among
many cells, the exact number of dengue virions that estab-
lish infection in a single cell in vivo has not been reported.
The dengue virus is a mosquito-borne virus that estab-
lishes infection in the human host starting in a localised
area of the skin at the site of the mosquito bite [25]. Under
these conditions, simultaneous multiple virion entry into a
cell during infection is likely and has been directly ob-
served in vitro [26]. In a related Flaviviridae viral system,
simultaneous infection by two hepatitis C virus (HCV)
variants in cell culture showed that individual cells became
infected by both variants [27], suggesting that co-infection
of naı¨ve cells by multiple virions is likely in vivo.
Dengue virus genome concatemerisation might become
more relevant once replication has been sequestered in
virus-induced vesicles, as multiple copies of the genome
colocated in the macromolecularly crowded replication
vesicle increase the probability of multimerisation. Each
vesicle is formed from the endoplasmic reticulum (ER)
membrane and contains a small pore connecting the inte-
rior to the cytosol [22]. Virions observed near the pore
suggest that (+)-sense RNA is released through this open-
ing into the cytosol where it is packaged. Head-to-tail
concatemers might uniquely assist this process in an
efficient and organised way. As each genome extruding
from the vesicle pore becomes either packaged or used for
translation, the next genome in the concatemer would be
pulled through the pore. As more RNA is exported, RNA
synthesis inside the vesicle would replenish the concate-
mer in an assembly line fashion. Although the mechanistic
details are substantially different, this proposed strategy
might be usefully compared to the well-known packaging
mechanism employed by double-stranded DNA viruses,
such as herpes simplex virus [28] and many bacterio-
phages [29].
The single-stranded (+)-sense RNA virus dilemma, in
which the replication complex must compete with actively
translating ribosomes for the same RNA genome [30], is a
well-described phenomenon that would require the base
pairing interactions essential for either cyclisation or con-
catemerisation to compete with a constant barrage of
actively translating and recycling ribosomes in the cytosol.
The eukaryotic poly-A binding protein (PABP), which has
been shown to bind to the nonpolyadenylated dengue virus
Box 1. Observation of dengue virus cyclisation by AFM
Previous analysis of dengue virus genome utilised AFM to visualise
cyclisation [6]. However, did these single-molecule AFM studies
represent the authentic behaviour of such molecules in their cellular
context, and were the required experimental conditions biologically
relevant? The AFM experiment required low salt concentration
(4 mM MgCl2, 20 mM HEPES, pH 8), low RNA concentration (1 ng/
ml), and low macromolecular crowding conditions in order to
disfavour intermolecular interactions and isolate RNA as single
molecules in the observation field [6]. These experimental condi-
tions poorly mimicked the cellular environment and strongly biased
the result toward cyclisation. Even when isolated as single
molecules, complex RNA structures formed in the interior of the
genome that obscured the desired observation. To resolve this, an
extensive antisense RNA was utilised to generate double-stranded
RNA in the centre of the molecule. Only the 50 and 30 ends containing
the complementary sequences as single-stranded overhangs re-
mained available to interact in cis. Although this simplified the RNA
structure and ultimately enabled the observation, it also prohibited
potential intermolecular interactions that might otherwise have
stabilised genomic dimers or concatemers. Surprisingly, despite the
conditions designed to discourage multimerisation, head-to-tail
dimers were still observed in the image fields. The AFM experiment
also did not attempt to mimic the macromolecularly crowded
environment of the cytoplasm. In a relevant experimental compar-
ison, AFM was recently used to demonstrate how nucleic acids
behave under more cell-like salt concentrations and excluded
volume conditions [50 mM NaCl, 20 mM Tris–HCl, pH 7.5, 30%
PEG 20K (polyethylene glycol, 20 000 average molecular weight)]
[18]. When a concentration of nucleic acid (DNA, 2 ng/ml) similar to
the dengue cyclisation AFM experiment was studied under these
conditions, the DNA dramatically compacted and aggregated to
minimise their collective hydrodynamic volume. In general, high
salt concentrations and macromolecular crowding favour compact
RNA structures and multimerisation. It is therefore unsurprising that
dengue virus genome cyclisation was observed under the condi-
tions of the AFM experiment. However, demonstrating that the
dengue virus genome can cyclise in vitro does not necessarily mean
that it does so in vivo. The more important observation, in our
opinion, was that dengue virus RNA genomes dimerised signifi-
cantly in spite of conditions employed to prevent intermolecular
interactions. This suggests that higher ordered structures are robust
and probably favoured over individual cyclised molecules under
normal cellular conditions.
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genome and enhance viral translational efficiency [31],
facilitates ribosomal recycling by mediating cyclisation
of eukaryotic mRNA. Although the virus-induced vesicles
are believed to ameliorate this problem by excluding
ribosomal components from the site of replication, the
exact mechanism by which the dengue virus enables viral
replication prior to sequestration in virus-induced vesicles
is not well understood. In distinct contrast to the cyclised
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Figure 2. Proposed model for how the concatemer might defeat the (+)-sense single-strand RNA virus dilemma. (A) The (+)-sense single-strand RNA virus dilemma,
presumably functioning in dengue-virus-infected cells, requires the newly synthesised virally encoded RNA-dependent RNA polymerase (RdRP) to compete with multiple
actively translating ribosomes for the same (+)-sense viral template. As the dengue virus virion carries no catalytic activity, upon initial entry into the cytosol it must first
translate and process its proteins to generate the RdRP required for replication to initiate at the 30 terminus. Viral proteins synthesis is initiated by the usual eukaryotic 50
cap-dependent scanning mechanism and proceeds in the 50 to 30 direction. This process is polysomal, and recycling of the ribosomal components is mediated by the
eukaryotic initiation factors (eIFs) eIF4E and eIF4G, and the poly-A binding protein (PABP) (not shown). Once the RdRP becomes available, it must initiate replication from
the 30 terminus and synthesise the nascent (–)-strand (shown in blue) in the 30 to 50 direction along the template. The RdRP, however, is unlikely to compete effectively with
actively translating ribosomes for the same template. (B) The concatomer structure could potentially defeat the (+)-sense single-strand RNA virus dilemma by initiating de
novo (–)-strand (shown in blue) synthesis at an interior junction of the concatemer, while translation initiates on the 50 terminal genome. In the example illustrated, viral
replication could initiate at the 30 end of the second viral genome in the concatemer. Because the translating ribosome would dissociate the 50-most RNA template in a run-
off fashion; a replication complex initiated from the interior of the concatemer would not encounter the translating ribosomes. Mediated by eIF4E, eIF4G and PABP (not
shown), ribosomal subunits would likely recycle to the RNA template from whence they dissociated. The unhindered RdRP would then be free to produce the fully duplex
replicative form, which then proceeds to further rounds of viral replication.
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genome model, a concatemer structure potentially allows
viral replication to proceed without directly competing
with actively translating ribosomes. A translating ribo-
some would unwind and dissociate its template from the
concatemer during translation, therefore, viral replication
complexes initiated at an interior junction would not be
expected to encounter actively translating ribosomes
(Figure 2).
Functionally distinguishing between cyclisation and
multimerisation
Observing multimerisation in dengue-infected cells
should be straightforward using 40-aminomethyl 4,50,8-
trimethylpsoralen (AMT)-induced UV crosslinking
[32,33]. Correlating those data effectively with specific
viral function in vivo may prove difficult, however, because
replication, translation, and packaging are believed to be
coupled in (+)-sense RNA viruses [34]. In vitro experimen-
tal strategies might be pursued to isolate the roles of the
cyclised and multimeric genomic forms in viral replica-
tion, and one might envision three basic strategies: (i) a
cell-free replication strategy in vitro; (ii) a replicon strate-
gy in cell culture; and (iii) an infection strategy in cell
culture. In a cell-free strategy, in vitro an compartmenta-
lisation (IVC) assay [35] similar to emulsion PCR might be
intriguingly adapted. Individual dengue virus RNA tem-
plates could be isolated in water droplets suspended in an
oil phase to allow RdRP-dependent clonal amplification
from a single-input RNA template. This might allow dif-
ferentiation between replication initiated from single
cyclised genomes and replication initiated from multige-
nome complexes. In a replicon strategy, a modification of
the Kunjin virus replicon experiments [8] might be used.
In those experiments, the complementary sequences (50 or
30) in the replicon RNA of the mosquito-borne Kunjin virus
were mutated either separately (pC17-50mut and pC17-
30mut), to destroy base pairing, or simultaneously (pC17-
50&30mut), to restore the complementarity. The pC17-
50&30mut double-mutant construct was replication-com-
petent in BHK cells, but pC17-50mut and pC17-30mut
individual constructs were not. This was interpreted as
evidence for cyclisation, but the individual mutations also
destroyed any potential for multimerisation. The 50 se-
quence of pC17-50mut is complementary to the 30 sequence
of pC17-30mut, therefore, cotransfection of both constructs
into BHK cells might provide evidence for the concatomer-
isation hypothesis. Because cyclisation would remain pro-
hibited, an observation of restored replication competence
would strongly suggest intermolecular interaction. Final-
ly, an infection strategy might exploit the recent observa-
tion of dengue virus defective interfering (DI) particles in
vivo [36]. These DI particles carry (+)-sense subgenomic
RNA (DI RNA), representing the dengue virus genome
with a single massive internal deletion, which leave only
the extreme 50 and 30 dengue sequences and include the
complementary sequences ascribed to cyclisation. The DI
RNA could be replicated, packaged, and secreted in cell
culture through complementation by co-infecting func-
tional dengue viruses. Mutations introduced into dengue
virus DI RNA that destroy the potential to cyclise but
allow intermolecular complementarity could be evaluated
directly in cells authentically infected with dengue virus.
Confirming the biologically active forms of the dengue
virus genome during replication should provide a better
understanding of the virus life cycle mechanistic details
inside the cell.
Concluding remarks
Cyclisation of the dengue virus genome has become so
entrenched in flavivirus dogma that the original abbrevia-
tion for the 50 and 30 ‘complementary sequences’, CS, is now
routinely expanded in the literature as ‘cyclisation se-
quence’ or ‘cyclisation signal’. We believe that this narrow
view unnecessarily restricts research by neglecting the
potential for biologically active multimers, which should
be favoured under cellular conditions relative to single
cyclised molecules. Although dimers do not appear to
provide any obvious advantages over the cyclised form,
dengue virus concatemers offer unique potential benefits
that exceed simple de novo initiation of (–)-strand synthe-
sis. They could potentially enhance genome transport out
of virus-induced vesicles, thereby contributing to efficient
and organised packaging, and they provide a plausible
mechanism to defeat the (+)-sense single-stranded RNA
virus dilemma. It is worth reiterating that no currently
published data distinguish between dengue virus RNA
genome cyclisation and multimerisation, and the cyclised
form might yet prove to be the mechanistically relevant
structure. AFM successfully visualises both the cyclised
and dimeric forms of the dengue virus RNA genome (Box
1), demonstrating that at least two competing forms are
possible under some conditions. This Opinion article does
not dismiss the cyclisation hypothesis, but seeks to more
broadly reframe the question to include hypotheses that
have not been excluded by data.
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